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Bakken Oilfield is 2100 Miles West ) g
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Laurentian Surface Water Divide o
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Whitmeyer & Karlstrorﬁ;,‘."ZOO7

Assembly of North Amerlcan Craton  [i)iE,
T~ Sy, & W,
l

Eastern rift basing Vs ¢
/' Continental rift boundary |~/ ( i ‘ 8 2 ans LT A

. <0.78 Ga Windermere Supargrulm ( B ZHIE 3 : ESTLIR, e
"™\ Maijor normal faults A4 \ / b b e y
U Mafic dike swarms &

I 1.2-1.1 Ga Midcontinent rift system

- 1.3-0.95 Ga granitoids \
~ Major thrust faults

I 1.3-1.0 Ga coliisional orogens

- 1.45-1.35 Ga granitoids

[ 1.55-1.35 Ga juvenile crust

ca, 1.65 Ga quartzite deposits

Il 1 65-1.60 Ga granitoids

[[] 1.69-1.65 Ga juvenile crust

[ 1.72-1.68 Ga juvenile arcs

ca. 1.70 Ga quartzite deposils

- 1.72-1.68 Ga granitoids

- 1.76-1.72 Ga juvenile crust

[EI 1.80-1.76 Ga juvenile arcs

[ 1.9-1.8 Ga reworked Archean crust

- 2.0-1.8 Ga juvenile orogens

- 2.0-1.8 Ga juvenile arcs

2.5-2.0 Ga miogeoclinal sediments . .
[] 2.5 Ga Archean crust Y ) J

X Whiteshell (AECL)
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Superior Craton Geology is Also Complex

=W 2.75-2.68 Ga juvenile belts

% Accretionary prisms

MD=Muskratdam terrane % Island arcs
M=Munro
I=Island Lake terrane @ Exposed deep crust
OX=0xford L.-Stull L. terrane .

N-C=North Caribou terrane @ 2.73-2.69 Ga magmatic arc

@ 3.0-2.8 Ga proto-craton

62°N —]
Greanstone Belt reworked granulite complex
Superior Province e

boundary
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Winnipeg River Subpro
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River Valley

“Archean Crustal Evolution” Condie [Ed], Elsevier, 1994.




Pre-Cambrian ND geology rh) e,

Explanation:
"- Syenite-monzonite at granulite metamorphic
facies in western magnetic region

- Mafic & ultramafic intrusions in Superior-
Trans-Hudson Boundary zone

- Syenits at granulite phic facies
in western magnetic region
- Relatively dense racks in central magnetic region-

Possibly intermediate-mafic volcanic rocks mainly
of Early Proterozoic age

Relatively dense racks in western magnetic region-
- Possibly intermediate-mafic volcanic rocks mainly
of Early proterozoic age

Arc-derived rocks and back-arc basin deposits of
western magnelic region and scattered Archean crust

- Arc-derived rocks of central magnetic region
with scattered Archean crust

Trans-Hudson

r‘- Rocks of Superior-Trans-Hudson boundary zone
- Gneissic rocks (metamorphosed granitic
rocks)

Granite to tonalite of 2650-2750 Ma age
group

- Metamorphosed sedimentary and
volcaniclastic rocks, locally migmatic

m Banded iron-formation and interbedded

metavolcanic rocks
[Wdi] piorite
88| Gabbro and related mafic rocks

o
L- volcanic rocks

- Migmatic and gneiss terranes of
Wyoming Craton

Superior Province

@ Radiometric age from core samples

A Radiometric age from drill cuttings samples
_________ =" Basement Faults Interpreted by Sims et al. (1991)
— — ~ — Williston Basin Faulls
—4— Anticline
—i—-b Syncline

B ;‘*W" ” Structure Contour on Precambrian Surface
=

0 50 mi

e

0 50 km

Superior Craton at site NDGS GI-160 (2012)

« =2.7 billion years old
» Gneissic rocks (metamorphosed granitic rocks)
* Analogous to exposed shield in MN & Manitoba/Ontario




ND Depth to Basement (2009) () s,

T \\\\\\\\\\ T
4 I‘li‘llm““k\t\\ W \\“ E
T nm i lﬁmﬁ\lﬁ

‘Basement highs
\ﬂ"

filietee ’ﬂlﬂ i’ﬂi"i" il Mi%
J%ﬁ#lllllllﬁiw}’ﬂ

P‘ | Iy
ﬂmff%" 'f

,L] (L II
i IlIIIIIlllll !IVI

mm }r!"n’mrfl’,érfnu‘y 7




Interpreted Basement Surface (1988) (i),

Sidney B Andoreon, PRECAMBRIAN STRUCTURE MAP OF NORTH DAKOTA NORTH DAKOTA GEOLOGICA - survey

Miscellancous Map No. 30
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Basement Structure =2 Williston Basin ()&=

Laboratories

ALBERTA | SASKATCHEWAN | MANITOBA

Williston Basin
Phanerozoic Isopach

Calgary verior and Structural Elements
Q
at N H  Hummingbird Trough
Winniped R Roncott High
. -4 I NACP conductivity
—_— p— anomaly (Alabi et al.,1975)
NTANA Bowdoin e

Dissolution edge of
Swift Current Platform

Contour interval = 500 m

Scale 1:10 000 000
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Williston Basin Cross-Section e
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Hydrogeologic system

USGS in 1980s (Downey & Dinwiddie, 1988):

* Geology
* Hydraulic heads / numerical model

Hydrogeologic ']

Rock Units
Systems

Age Units

AQ2 or
Madison
Aquifer

AQ1
Aquifer

US-Canadian system of (Benn & Rostron, 1998)
* Geochemistry of produced waters
e Williston basin = 100 m isopach of Red River Fm

PALEOZOIC
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FORMATION
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Deadwood Fm: clean quartzose sandstone . | o e SN i e
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Red River Fm: fossiliferous lime mudstone
and wackestone (some dolomite)




Williston Basin Flow

cartoon cross-section

S-SW
Black Hills Ngnnville (Dakota) Aquifer System

~ Joli Fou (Skull Creek) Aquitard

Viking (Newcastle) Aquifer

Cretaceous Aquitard System

Missouri

Permian-Jurassic ,‘,
Aquitard System ‘s

Pennsylvanian
Aquifer )
Mississippian Aquitard t':*
Mississippian (Madison) VA
Aquifer System

Bakken Aquitard

LR '
NN N S N N
DI

Precambrian

Sandia
A | Netional
Laboratories

Flow of fresh
meteoric water

Aquitard |
B ~cuiciude |

il

Flow of deep- — |
basin brines .~ Brines (100,000 mg/L salinity) NNE
If basin is steady-state,
why is fresher water discharging
at outflow? \
\ Canadian
U Aquif
e Shield

Devonian Aquifer System
Prairie Aquiclude

Winnipegosis Aquifer

Silurian-Devonian Aquitard

Basél Aquifer System

Bachu & Hitchon (1996) 16



I A Sandia
S ) Joues,
o
W Williston basin
- . * Bowl-shaped
/3 * Deepest part in western ND
A * Connected to Alberta basin
‘' /7 o * Lower part of basin filled with
Current Williston Manitaba N brine
‘[ﬁ,___r_q___  Recharge at high elevations in
- | SW (MT + WY)

* Discharge at Red River + Lake
Manitoba/Winnipegosis in
Canada

Cambrian/Ordovician subcrops at
both recharge and discharge

7,200’ .
ZO(YJ“m pol nts
Alllbnce
Laramie BE{SIH
e Mins
T coLorapo
— Freshwater flow direction 1 Brines (>100,000 mg/L salinity)
> Brine flow direction Interbasin flow from the .
Alberta basin Bachu & Hitchon (1996) 17




Nature of Deep Brines rh) i,

6ShaIIow wells/springs

(halite diSSd tibn) I 11 basin margin a -20 ! ! !
- g -40
55
-60
E] =) —~ -80
= S =
O . £ - g -100
o 4. g
° o & 20} & PR
3 < L, Deep brines
2 >
pra ~ .
(old seawater) | [WWood Buffalo (this work) @2 a 140 S/ (old seawater)
- @Fort McMurry (this work) 'Y
W Wood Buffalo (th K) s ) 3 -
35 st v Sacstoonigioncta (hevel) | Sl %9
Egiﬁgﬁg’ﬁrélisz”'(‘g’!’n?p(;';ﬁ“}’35'3) 051 # Devonian Brines (Connolly’etal.,1990) o -180 vaest-opntrgl_Manitopa 1999
+ Devonian Brines (Connolly et al.,1990) OSE Saskatchewan (Rostron et al., 2002} deep < Devonian Brines (Simpson, 1999)
3 ) OSE Saskatchewan (Rostron et al., 2002 | | | basin -200 , | #Devonian Brines (Connolly et al.1980
0 1 2 3 ¢ -6 -5 -4 -3 -2 -30 -20 -10 0 10
log Br mg/| log (Br/CI) (meq/l) 80 (v-SMOW)

* Br typically exluded from evaporite minerals
* Lower Br/Cl ratio in halite vs. seawater
* Na/Cl ratio <0.8 in deep brines (rock-water interactions buffering Na?)

* Deep brines have unique stable isotope signature
* Mixing between:

* deep brine chemistry (old seawater) and

» dissolved halite (glacial recharge near basin outflow)
18




Effects of Pleistocene Glaciation ) i

Last Glaciation (20k-14k years ago )
e 3+ km ice at basin outflow
8 Flow direction reversed temporarily

Person & MclIntosh (2007)

ool * Geochemical evidence:
470 )
- » &80 near discharge
&0 . .
RN * Aerobically degraded crude oils
&Y . » Salt dissolution collapse features
N . . .
e * No evidence brines were displaced
¥ * Glaciation also at 60k and 120k ya
o . .
& ov  —Plug” flow in 2D cross section?
Black Hills Pleistocene Flow System
| . . hydrodynaimic Continental Ice Sheet
oD Anada:’“-wlf . " et pressure-induced subglacial
& : ; lake?
OQ og go %a 30 =
s 8 = < z
Ice Sheet
[roludyhee 0 500 1000 Thickness (m) salt dissolution
() Sedimentary Basin eismatir 7] 0 to 999 e __
& Permafrost ] 1000 to 1999 \""’wt:;':c 7 Aquitard
i 2000 to 2999 Aquiclude
Continental Shelf i ‘g e ~ :n a:i;; T;; :1:00 —
=D Grasby et al. (2000) s




Continent-Scale GW Modeling &

2€+06  r.o5

Lemieux et al. (2008)

" g 'y
-, <
g

Orogenic belt

AT a0

HydroGeoSphere (Sudicky @ Waterloo)

* Model grid
* North America to 35° latitude
* Elements 25 km areally
e 10 layers vertically
e -10 km elevation to land surface
* 405,000 elements
* Groundwater flow
* Density dependent
* loading term due to weight of ice
» Simplified solute transport
* Fully-coupled surface water flow
* Ice sheet model as input to BC
* 4 material types
* Permeability decreases as exp(-depth)

Results show deep penetration of glacial
waters, but how realistic under basins?

20




Observations ) s

Basin Hydrogeologic Model
e 1980s USGS :: aquitards are “very leaky”

* observe similar heads in aquifers across aquitards

* 1990-2000s GSC :: aquitards are “less leaky”

» different water chemistry

Source of Brine
e 1980s USGS :: Prairie halite dissolution

e 1990-2000s GSC:: both evaporite dissolution (due to
recharging glacial meltwater) and old seawater

Impacts of Glaciation

* GSCin early 2000s first pointed to significant changes 10k-14k
years ago due to glaciation

* Modeling, but little definitive data outside Manitoba

21
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